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termed polar auxin transport to convey indole-3-acetic acid from source to target tissues. Auxin transport is mediated by the combined activities of specialized influx and efflux carriers. Mutational approaches in the model plant, Arabidopsis thulium, have led to the molecular genetic characterization of putative auxin influx and efflux carrier components, AUXl and AtPIN1. Both genes belong to distinct gene families that are being functionally characterized by using a reverse gen-Biochemical Society Transactions (2000) Volume 28, part 4 etic approach in Arabidopsis. AtPIN proteins are asymmetrically localized within plant plasma membranes, providing a molecular mechanism for the characteristic polarity of auxin transport. We outline the epitope tagging strategy being used in our laboratory to immunolocalize AUXl and discuss the implications of its subcellular localization for auxin redistribution within root apical tissues. Lastly, we describe a novel carrier-based mechanism that plant cells might use to determine their relative position(s) within an auxin gradient, drawing parallels with the mechanism of glucose perception in yeast.
Introduction
Phytohormones are a diverse collection of signalling molecules that influence every stage of plant development [l] . Auxin was one of the first classes of phytohormone to be described in higher plants [2] ; it controls plant cell division, elongation and differentiation [3] . As a regulator of such fundamental cellular processes, auxin influences almost every aspect of plant development, ranging from apical dominance and vascular differentiation in shoots to lateral organ initiation and gravitropism in roots. Indole-3-acetic acid (IAA) is the major form of auxin described in higher plants. Many organs cannot synthesize (enough) IAA to support their continued growth and development. Instead they rely on the continuous supply of IAA from the major sites of auxin synthesis in young developing leaves and the shoot apex [4] .
Plants employ a specialized delivery system termed polar auxin transport to convey IAA from source to target tissues [5] . Auxin transport is mediated by the combined activities of specialized influx and efflux carriers. Detailed studies have been performed on the auxin efflux carrier, owing to the ease with which its activity can be assayed by measuring the rate of auxin polar movement through stem segments [6] , together with the availability of specific transport inhibitors such as naphthylphthalamic acid [7] . The existence of an auxin influx carrier was first proposed after researchers observed saturable auxin uptake within suspension cell cultures and stem segments [8, 9] .
Nevertheless, the recent description of a novel class of auxin-influx-carrier-specific inhibitors will greatly facilitate future studies of this class of auxin carrier [lo] .
Putative auxin influx and efflux genes have been identified in Arabidopsis
Mutational approaches in the model plant Arabidopsis thaliana have led to the molecular genetic characterization of several putative auxin influx and efflux carrier components. The Arabidopsis AUXl gene has been isolated by using a genetagging approach and was found to encode a highly hydrophobic polypeptide, composed of 485 amino acid residues, containing up to 11 transmembrane segments [l 11. Database searches have identified co-linearity between the primary amino acid sequences of AUXl and a family of plant amino acid permeases [12] , indicative of a common ancestry, domain structure and transport function. Bennett et al. [ l l ] have proposed that AUXl facilitates the movement of the amino acid-like signalling molecule IAA. Both amino acid and IAA uptake carriers facilitate transport by using a protondriven mechanism [13, 14] , providing further evidence for a common evolutionary origin. Nevertheless, both carrier systems seem functionally distinct because the rate of auxin uptake in Arabidopsis roots is unaffected by the presence of excess tryptophan; auxl mutant roots exhibit decreased rates of uptake of auxin but not of tryptophan [15] .
The Arabidopsis AtPINl gene has been proposed to encode a component of the efflux carrier complex on the basis of the decreased rate of polar auxin transport within Atpinl mutant inflorescence tissues, together with the pin-formed influorescence mutant phenotype that can be phenocopied by growing wild-type plants in the presence of the auxin efflux carrier inhibitor naphthylphthalamic acid [16] . Galweiler et al. [17] have reported the isolation of the AtPINl gene, which encodes a 622-residue protein predicted to contain up to 12 putative transmembrane segments that has homology with a family of prokaryotic and eukaryotic transporters.
The Arabidopsis expressed sequence tag and genome sequencing programmes have uncovered a total of four AUXl family members and at least 14 AtPIN1-related genes. The three AUXIrelated genes are termed LAX 1-3 (for 'like-AUX1'). In comparison with AUX1, the LAX genes demonstrate very high levels (more than 90 yo) of sequence conservation at the amino acid level, yet their codon sequences exhibit significant wobble at the third base, indicative of a strong selective pressure to maintain protein function. A reverse genetic approach has been successfully adopted to address LAX gene function, resulting in the identification of several insertions within L A X family members (K. Swarup and M. J.
Bennett, unpublished work). A related strategy has been adopted to characterize the AtPIN gene family, resulting in the identification of an AtPIN2 knock-out mutant [ 181. T h e Atpin2 mutant exhibited an agravitropic root phenotype, which was consistent with Atpin2 being an allele of agravitropicl [ 19, 201 and ethylene insensitive root1 [21] .
Auxin influx and efflux carriers can facilitate the creation of IAA gradients
T h e asymmetric localization of the auxin efflux carrier within plant cells was originally hypothesized to provide a mechanism to explain the characteristic polarity of auxin transport [9, 22] . Recent immunolocalization studies with antibodies raised against several members of the AtPIN gene family have observed that these components are indeed asymmetrically distributed within plant cells [17, 18] . For example, AtPINl has been localized to the basal membrane of xylem parenchyma influorescence cells, where it is proposed to facilitate basipetal polar auxin transport [17] . In contrast, the asymmetric distribution of AtPIN2 on the upper membrane of epidermal and cortical cells is consistent with its mediating basipetal auxin transport within root elongation-zone tissues [ 181. T h e influx carrier component A U X l is co-expressed with AtPIN2 in root apical tissues [15] . 
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Hypothetically, the subcellular localization of AUXl within root apical cells would be expected to have a profound effect on the mechanism of basipetal auxin redistribution. Positioning of auxin influx and efflux carrier components, AUXl and AtPIN2, at opposite ends of root apical cells would be expected to facilitate the intercellular movement of auxin (model A; Figure 1A) . Alternately, co-localization of AUXl and AtPIN2 at the same end of a root cell would favour recycling of auxin in and out of individual root cells (model B; Figure 1B) . Finally, freely diffusing AUXl (together with asymmetrically localized AtPIN2) would facilitate both intracellular and intercellular auxin movement (model C ; Figure 1C) .
The subcellular localization of the auxin influx carrier is predicted to influence auxin gradients in plant tissues. IAA is especially sensitive to the pH conditions found in the apoplastic space (notably in elongating plant cells). IAA levels would therefore be dependent on the duration for which the hormone is present within the apoplastic space. The continual recycling of IAA by the influx carrier within model B ( Figure 1B) would be expected to create a steep auxin gradient within root apical tissues. This contrasts the efficient passage of IAA between root cells proposed within model A (and to a smaller extent model C) ( Figures 1A and 1C ) that would be expected to create a more shallow IAA gradient. Although this discussion is currently hypothetical (in the absence of AUXl localization data), the importance of AUXl in regulating auxin levels in root apical tissues is underlined by tandem M S measurements of IAA levels of auxl compared with wild-type, which observed a 3-fold decrease in hormone levels within the mutant (A. 
Do auxin carriers mediate dual transport and signalling functions?
Several examples of auxin gradients, proposed to represent morphogenic fields, have been described within the vascular cambial tissues of Pinus sylwestris (L.) trees [24] and the root apex of Arabidopsis ( [25] , and I. Casimiro, A. Marchant, R. P. Bhalerao, T. Beeckman, S. Dhooge, D. Inze, G. Sandberg, P. J. Casero and M. J. Bennett, unpublished work). Yet how would a plant cell perceive its relative position within a morphogenic field of auxin? In the absence of evidence for a dedicated auxin receptor, one novel mechanism could involve auxin carriers serving dual transport and signalling functions. A cell would determine its position within the morphogenic field by monitoring the relative flux of IAA through its auxin carrier(s). Movement of a finite number of auxin molecules through a carrier would be coupled to the generation of a 'flux' signal.
Parallels can be drawn with the mechanism of glucose perception in yeast. High and low glucose levels are sensed by the glucose receptors RGT2 and S N F l respectively [27] . Both receptors have a strong similarity to a family of glucose uptake carrier proteins but contain an additional large Cterminal cytoplasmic domain essential for generating an as yet unknown signal. No significant differences between the domain structures of the Arabidopsis AUXl family are apparent, which is indicative of the presence of a large C-terminal signalling domain. Nevertheless, we have identified a mis-sense mutation within the predicted C-terminal domain of the AUXl protein, external to the transmembrane domain, that might disrupt a signalling (rather than transport) function (R. Bennett, unpublished work), several pieces of experimental evidence suggest that the auxl mutation primarily disrupts auxin transport [ 151. First, auxin accumulation experiments demonstrate that auxl roots have a significantly decreased capacity to mediate the uptake of the auxin influx carrier substrate, 2,4-dichlorophenoxyacetic acid (2,4-D), yet retain a wild-type level of uptake for the membrane-permeable auxin, 1 -naphthaleneacetic acid (1 -NAA). Secondly, artificially elevating the rate of phytohormone uptake into plant cells by growing mutant seedlings in the presence of the membrane-diffusible auxin 1 -NAA restores root gravitropism, whereas the less diffusible auxin 2,4-D restores root gravitropism only partly. Thirdly, mutations within AUXl selectively impair the action of auxins that require carriermediated uptake. The selective response of auxl root elongation towards IAA and 2,4-D in comparison with 1-NAA contrasts that described for other auxin signalling mutants such as axr2, which indiscriminately perturbs responses towards all three auxins [29] . The wild-type response of auxl roots towards 1-NAA suggests that the auxin signalling machinery within the auxl root is essentially intact and that the biochemical defect is limited to the auxin uptake machinery. However, we cannot rule out the possibility that an auxin signalling function performed by AUXl is genetically redundant, causing the auxl signalling defect to be masked by the activity of one or more intracellular auxin receptors.
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